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Abstract 
A series of Ni3Al single crystal specimens were prepared by directional solidification with seeding technique and 
the influence of processing parameters such as heating temperature and withdrawal rate on the microstructure and 
segregation tendency were investigated. In this work, dendrite structure was observed while the ranges of 
parameters were adopted. As the withdrawal rate or heating temperature increased, the primary dendrite arm 
spacing decreased gradually. The results strongly indicated that the average size of γ’ precipitates in dendrite core 
was larger than the one in inter-dendrite area in Ni3Al based alloys. With the increasing withdrawal rate or heating 
temperature, the size of γ’ precipitates in both dendrite core and inter-dendrite area decreased, while the 
morphology became regulated from spherality to cube. The tendency of segregation of Mo and Re in inter-dendrite 
area became more intense with the increasing withdrawal rate. No obvious variation of the segregation of elements 
was observed at different heating temperature. 
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1. Introduction 
Ni3Al based alloys, for their high melting temperature, creep strength and relatively low density, and 
with yield strength increasing with temperature from near ambient temperature to 600℃, have attracted 
world-wide attention as potential high temperature structural materials in aero-engine applications [1]. 
To improve their mechanical properties, one common scheme is alloying and the creep rupture 
property and room temperature ductility of Ni3Al can be observably improved by adding element such 
as Mo and B[2, 3]. Similar to Re addition in superalloys, as suggested in recent research, the mechanical 
properties and oxidation resistance could also be promoted by the addition of Re into NiAlMo alloys[5]. 
The introduction of advanced preparing techniques, such as directional solidification technique and 
single crystal technique, is another common method to obtain a better fatigue resistance and creep 
strength under high temperature, because these techniques can partly or completely eliminate the grain 
boundaries, which is recognized as source of cracking[4].  
The objective of the present work is to produce single crystals of a new Re-added NiAlMo ternary 
alloy and to study the effect of heating temperature and withdrawal rate on microstructure of the alloy, 
which are further reference for subsequent research and optimization of the process. 
2. Experimental 
A NiAlMoRe master alloy was prepared by vacuum induction melting. Single crystals with a 
misorientation less than 10° from <001> direction were collected by screw selection crystal method 
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and cut into Φ6×40mm bars as seeds. Using liquid metal cooling technique, the seeds were partly 
remelted and directional solidified into Φ15×160mm sized single crystal bars in Bridgeman furnace. 
The liquid metal for cooling was GaInSn alloy. The experiment was performed at 1550℃ and 1600℃ 
respectively, while the withdrawal rates were 0.3mm/min, 0.6mm/min and 1.2mm/min respectively. 
Specimens are prepared from the same area of different single crystal bars and their cross-sections 
are grounded, polished and investigated. The chemical compositions of the specimens were examined 
by electron probe micro-analyzer (EPMA, JXA-8100). The dendrite morphologies and the γ/γ’ 
microstructures of alloy were characterized by optical microscope (OM, OLYMPUS BX51M) and 
scanning electron microscope (SEM, Apollo300). 
3. Results and discussion 
3.1. Metallography and primary dendrite arm spacing 
Fig.1 shows the metallography of cross-sections of specimens with different solidification 
parameters. All as-cast samples exhibited the typical dendritic segregation pattern with coarse 
secondary dendrite arms. No tertiary dendrite arms were observed. 
Along with the increase of withdrawal rate, the primary dendrite arm spacing (PDAS) decreased and 
the microstructure was refined (Fig.2). At 1550℃, the PDAS decreased from 0.44mm to 0.37mm as 
withdrawal rate increased from 0.3mm/min to 1.2mm/min. At 1600℃, the PDAS decreased from 
0.37mm to 0.31mm as withdrawal rate increased from 0.3mm/min to 1.2mm/min. Moreover, the 
increase of heating temperature could reduce the PDAS effectively. A comparison between At the same 
withdrawal rate, the PDAS of the specimens decreased by 15%, when the heating temperature elevated 
from 1550℃ to 1600℃. 
 
Fig.1 As-cast microstructures of NiAlMoRe superalloy at 1550℃ 0.3mm/min(a), 1550℃0.6mm/min(b), 1550℃ 
1.2mm/min(c), 1600℃ 0.3mm/min(d), 1600℃ 0.6mm/min(e), and 1600℃ 1.2mm/min(f) 
The relationship between primary dendrite arm spacing (λ1), growth rate (V) and temperature 
gradient (G) in a universal directional solidification process is expressed as Eq.1: 
λ1=α·G
-1/2V-1/4                                                 (1) 
where α is a variable associated with the liquidus slope of liquid alloy (m), the average distribution 
coefficient (K0), the alloy composition (C0) and the diffusion coefficient (D). For an alloy with 
specific composition, α becomes a constant and can be obtained through linear regression. For the 
NiAlMoRe alloy in this work, α equals to 0.346 and Eq. 2 is acquired. 
λ1=0.346·G-1/2V-1/4                                              (2) 
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Fig.2 Dependence of solidification parameters on primary dendrite arm spacing 
3.2. Microstructures of γ’ precipitates 
The back scattered electronic images of γ’ precipitates at different solidification parameters are 
shown in Fig.3-4 and entire statistics of γ’ precipitates size were performed, as illustrated in fig.5. The 
size of γ’ precipitates in dendrite core were apparently larger than those in interdendritic area of 
NiAlMoRe alloy, which was dramatically contrary to known superalloys[7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Microstructures of NiAlMoRe alloy in dendrite core at 1550℃ 0.3mm/min(a), 1550℃0.6mm/min(b), 1550℃ 
1.2mm/min(c), 1600℃ 0.3mm/min(d), 1600℃ 0.6mm/min(e), and 1600℃ 1.2mm/min(f) 
With the increase of the withdrawal rate, the size of γ’ precipitates in dendrite arm decreased. At 
1550℃, the size of γ’ precipitates decreased from 3.21μm to 1.20μm as withdrawal rate increased from 
0.3mm/min to 1.2mm/min. At 1600℃, the size of γ’ precipitates decreased from 2.18μm to 1.12μm as 
withdrawal rate increased from 0.3mm/min to 1.2mm/min. Furthermore, the morphologies of γ’ 
precipitates changed from spherality with low withdrawal rate to cube. The similar trend was observed 
in interdendritic area. At 1550℃, the size of γ’ precipitates decreased from 2.23μm to 0.88μm as 
withdrawal rate increased from 0.3mm/min to 1.2mm/min. While at 1600℃, the size of γ’ precipitates 
decreased from 1.55μm to 0.77μm as withdrawal rate increased from 0.3mm/min to 1.2mm/min. The 
size of γ’ precipitates in both dendrite core and interdendritic area decreased by more than 50% with 
the increasing withdrawal rate. 
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Fig.4 Microstructures of NiAlMoRe alloy in interdendritic area at 1550℃ 0.3mm/min(a), 1550℃0.6mm/min(b), 1550℃ 
1.2mm/min(c), 1600℃ 0.3mm/min(d), 1600℃ 0.6mm/min(e), and 1600℃ 1.2mm/min(f) 
It also can be concluded from fig.5 that higher heating temperature caused the reduction of γ’ 
precipitates size, however, with relatively lower impact.  
Comparison between Fig.3A and Fig.3D, as well as between Fig.4A and Fig.4D indicated that as the 
heating temperature increased, the morphology of γ’ precipitates became regulated from sphere to 
square. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Size of γ’ precipitates in dendrite core(a) and interdendritic area(b) vs. withdrawal rate 
During the solidification process of Ni3Al alloys, γ’ phase can easily precipitate from γ primary 
phase due to its identical crystal structure (FCC) and similar lattice constant [8], which is the main 
mechanism why γ’ phase in dendrite core and interdendritic area generates from the γ phase 
supersaturated solid solution. Increase of heating temperature and withdrawal rate elevate the 
temperature gradient of liquid phase (GL) and its crystal growth rate (v), and consequently cause the 
elevation of cooling rate of alloy (T=G×v). While cooling, the aggravated constitutional undercooling 
leads to more nucleation of γ’ phase and limited time for phase transformation restrains the growth of 
γ’ phase as well. Ultimately, both effects result in the reduction of γ’ precipitates size[9]. It was also 
suggested in early research[10] that there were certain correlations between the morphology of γ’ 
precipitates and sign of the γ/γ’ misfit. With lattice misfit getting higher, the spherical morphology of 
γ’ precipitates evolves to cube. Hence, it can be concluded that the increase of heating temperature and 
withdrawal rate provide higher lattice misfit in NiAlMoRe alloy. 
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3.3. Segregation Tendency 
Table 1. Composition distribution of element in NiAlMoRe alloy at different solidification parameters 
Temperature/℃ Withdrawal 
rate/(μm·s-1) Zone 
Composition/at% 
Ni Al Mo Re 
1550  
5 
Dendrite core 75.150  13.620  10.290  0.780 
Interdendrite 68.240  13.300  16.673  0.945  
K 0.908  0.977 1.620  1.212  
10 
Dendrite core 76.730  16.627  6.267  0.377  
Interdendrite 69.950  13.240  16.220  0.585  
K 0.912  0.796  2.588  1.552  
20 
Dendrite core 76.995  16.510  6.150  0.350  
Interdendrite 73.365  13.645  12.510  0.480  
K 0.953  0.826  2.034  1.371  
1600  
5 
Dendrite core 77.407  16.723  5.567  0.307  
Interdendrite 76.073  13.370  10.070  0.483  
K 0.983  0.799  1.809  1.573  
10 
Dendrite core 76.570  15.210  7.700  0.525  
Interdendrite 69.770  12.549  16.847  0.840  
K 0.911  0.825  2.188  1.600  
20 
Dendrite core 77.093  16.283  6.233  0.393  
Interdendrite 72.645  12.565  14.275  0.520  
K 0.942  0.772  2.290  1.323  
 
The composition distribution of elements in dendrite core and interdendritic area is listed in table 1, 
and segregation coefficient k is calculated according to Eq.3. 
            (3) 
In table 1, aluminum was found to be negative segregation element which mostly gathered in 
dendrite core. The segregation coefficient of Ni equaled to 1 approximately, and showed no obvious 
segregation. Mo and Re were normal segregation elements which gathered in interdendritic area, 
where.Mo had a high segregation coefficient of 1.7-2.6. As the withdrawal rate increased, the 
segregation of Mo and Re in inter-dendrite area became more intense, compared to the negligible 
change of composition of Ni and Al elements. The effect of heating temperature on segregation 
coefficient was considerably weaker than the one of withdrawal rate.. 
During solidification, the dendrite cores were formed when solid-liquid transformation occurred and 
primary γ phase precipitated. Elements with moderate melting temperature and high atomic weight, 
such as Mo and Re, were repelled and then concentrated in interdendritic area. The subsequent 
diffusion would alleviate the segregation practically[7]. Since the diffusion depended on time and space, 
the increase of withdrawal rate at a high cooling rate could effectively reduce the PDAS and reduce the 
diffusion distance to ease the segregation [11]. In this research, the adopted withdrawal rates(0.3mm/min 
to 1.2mm/min) were relatively low and diffusion time was in command, hence the increase of 
withdrawal rate resulted in shorter cooling time for alloy elements to evently dispersed and aggravated 
the segregation. 
4. Conclusions 
Within the range of parameters adopted (1550-1600℃, 0.3-1.2mm/min), NiAlMoRe alloy solidified 
in dendrite pattern. As the withdrawal rate or heating temperature increased, the primary dendrite arm 
spacing decreased gradually. 
The average size of γ’ precipitates were larger in dendrite core than in inter-dendrite area. With the 
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increase of withdrawal rate/heating temperature, the size of γ’ precipitates in both dendrite core and 
inter-dendrite area decreased, while the morphology became regulated from sphere to square.  
Al enrichment was observed in dendrite core while Mo and Re enrichment in interdendritic area. The 
tendency of segregation of Mo and Re in inter-dendrite area became more intense with the increase of 
withdrawal rate, but Ni and Al differed slightly. The increase of heating temperature showed no 
remarkable influence on segregation coefficient. 
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